Abstract. β-1,3-1,6-glucans are the most abundant glucose polymers in the cell walls of fungi. Previous studies have shown that β-1,3-1,6-glucans derived from fungi possess immunomodulating activitivies. Antitumor effects of these compounds have also been reported in animal models. Current studies mainly focus on the direct effects of β-1,3-1,6-glucans on immune systems, but no data are available to address the underlying molecular events in tumor cells. β-1,3-1,6-glucan purified from black yeast at 5 mg/100 g body weight (study group) or saline (control group) was intragastrically administered on a daily basis to subcutaneously-injected mice with mouse S180 sarcoma cells. Tumor sizes, tumor weights, serum concentrations of cytokines and levels of microRNAs (miRNAs) in transplanted tumors were compared between the treated and control groups. The volumes and weights of transplanted tumors were significantly lower in the treatment groups compared to the control groups by ~150% and 70%, respectively. The treated mice demonstrated significantly higher levels of cytokines, including IL-2, IL-4, IL-6, IL-8, IL-10 and IL-12, compared to the control mice. Notably, the expression of several miRNAs in transplanted tumor tissues also markedly changed. These data suggest that black yeast-derived β-1,3-1,6-glucan, not only stimulates cytokine release from immune cells, but also changes the expression profiles of miRNAs in transplanted tumors.
Introduction
β-glucans are some of the most abundant polysaccharides found in the cell walls of bacteria and fungi (1, 2) . They are present in water-soluble or -insoluble forms, while certain β-glucans can be excreted into the medium (3) . β-glucans have been proven to act as immunological modulators (4) . Their water-soluble form has been shown to have a more pronounced effect on immunity (5) . They have the potential to directly bind to specific receptors on immune cells and trigger innate and/or adaptive immunity activation. Currently, a number of β-glucan receptors have been identified. Dectin-1, located on macrophages, mediates the β-glucan activation of phagogenesis and the production of cytokines (6, 7) . Activated complement receptors on natural killer cells, neutrophils and lymphocytes have also been suggested to be associated with cytotoxicity (8) . Certain toll-like receptors (TLRs) on macrophage cells were also demonstrated to specifically bind with β-glucans and increase tumor necrosis factor (TNF)-α and interleukin (IL)-12 production via nuclear factor-κΒ (NF-κΒ) signaling (9) . Two additional receptors, scavenger (10, 11) and lactosylceramide (12) , bind with β-glucans and mediate signal pathways leading to immunological activation.
The antitumor activity of β-glucans was first demonstrated 50 years ago. A number of subsequent experiments conducted in animals have confirmed the inhibitory effects of certain β-glucans on tumor growth or metastasis (13) . Several clinical trials have also shown the potential benefits of β-glucans in the treatment of cancer patients (14) . Fungal β-glucans have also been proven to have synergistic effects with monoclonal antibodies, when used in the treatment of certain types of cancer (15) . Although one of the most well-known anticancer mechanisms is stimulation of innate immunity, direct action on tumor cells has also been suggested (16) . Therefore, fungal β-glucans may exert multiple effects on cancer cells (4) . Certain β-glucans have been clinically used as a complementary therapy for cancer in Japan and China, due to their ability to enhance host defense responses against various tumors.
Fungal β-glucans are present as β-1→3-linked glucose polymers with β-1→6-linked side chains of varying lengths and distributions (2) . Secreted yeast β-glucans are important sources of β-glucans for potential medical use, due to the fact that they can be recovered and purified more easily (3). Black yeast β-1,3-1,6-glucan belongs to the category of soluble glucans (17) . Previous studies have shown a noteworthy stimulatory effect of this compound on the production of IL-8 by peripheral blood mononuclear cells (18) . However, a limited number of studies has been conducted with a view to address the function of this compound on tumor growth (17 Cell line and animals. The mouse sarcoma S180 cell line was purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Twenty male BALB/c mice (6-week-old; n=20) were purchased from Shanghai Xipuerbikai Experimental Animal Co. Ltd. (Shanghai, China). The mice were kept in cages (n=5 per group), at 22±1˚C and 55±5% relative humidity, with an automatic 12-h light/dark cycle. The experimental procedures were approved by the Animal Ethics Committee of the Shanghai Jiaotong University (Shanghai, China).
Animal experiment. Mice were randomized into the control and study groups (n=10/group). Mouse sarcoma S180 cells were cultured in RPMI-1640 medium containing 10% FBS. Cells growing in log phase were trypsinized and resuspended in sterile saline and immediately inoculated into mice by subcutaneous injection (2x10 6 cells in 0.2 ml saline/mouse). Immediately after the inoculation, mice in the control and study groups were submitted to daily intragastric administration of β-1,3-1,6-glucan (5 mg/100 g body weight) or saline, respectively. Nine days after the implantation, the engrafted tumor sizes were measured daily in vivo, using external caliber and were calculated as previously reported (19, 20) . Twenty-one days after treatment, the mice were anaesthetized with 2% isoflurane and blood was drawn by cardiac puncture. Serum was separated from the clot within 20 min and stored at -20˚C until use. The mice were then sacrificed and engrafted tumors were dissected, weighed and frozen in liquid nitrogen. Tumor sizes and weights were calculated using the formula: A% = [(X-Y) / X] x 100, where A is the inhibition rate, X is the average tumor weight of control group and Y is the average tumor weight of the study group.
Measurement of cytokine content. The serum content of 10 cytokines including IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, interferon (IFN)-γ, TNF-α, TNF-β and granulocyte-colony stimulating factor (G-CSF) were determined using double antibody sandwich ELISA tests, following the manufacturer's instructions. Two-way ANOVA was used to determine the significance of statistical differences in cytokine concentrations in the control and study groups. P<0.05 was considered to indicate a statistically significant difference.
RNA isolation, library construction and miRNA sequencing.
Total RNA was extracted from the dissected tumor tissues using the miRVana RNA isolation kit, while miRNA-enriched RNA fractions were isolated using the mirVana™miRNA isolation kit, according to the manufacturer's instructions. RNA integrity was confirmed using Agilent 2100 Bioanalyzer small-RNA chips. Equal amounts of miRNA-enriched RNA fractions from five samples within the same group were combined and sent to the Genergy Biotech Shanghai Co., Ltd. (Shanghai, China) for small RNA library preparation. The libraries were then sequenced using the Solexa's Sequencing-By-Synthesis method, a massively parallel sequencing technology. The 36-bp reads on the Illumina Genome Analyzer (Illumina, Inc., Hayward, CA, USA) were used for sequencing.
Statistical analysis. miRNA expression levels were tested for statistically significant differences in the study and control group libraries using the Limma package (21). The Benjamini-Hochberg method (BH-FDR) (22) was used to control the false discovery rate. Statistical significance was determined using the square root transformed templates per million (TPM) expression values of the 5-prime and 3-prime miRNA transcripts. Differences in expression with BH-FDR P≤0.05 and a minimal 1.5-fold change were considered to indicate a statistically significant difference.
Target selection and functional clustering. Target mRNAs for differentially expressed miRNAs were identified using miRWalk (http://www.rna.uni-heidelberg.de/apps/zmf/ mirwalk/index_html; last updated on March 15, 2011) in the validated targets module. Curated targets were subjected to functional enrichment to identify significantly over-represented biological functions using the DAVID functional clustering software (http://david.abcc.ncifcrf.gov). Functional clusters with statistical P-values ≤0.05 were reported.
Results

Inhibitory effect of β-1,3-1,6-glucan on transplanted tumors.
In the tumor intervention study, significant growth inhibition was observed in mice treated with β-1,3-1,6-glucan vs. the control mice, as demonstrated by slower tumor growth rates ( Fig. 1 ) and reduced sizes of dissected tumors (Table I) .
Changes in cytokine production. As shown in Table II , mice administered β-1,3-1,6-glucan demonstrated a significant increase in the levels of the tested cytokines, including IL-2, IL-4, IL-6, IL-8, IL-10, IL-12 , IFN-γ, TNF-α, TNF-β and G-CSF. However, the elevation of serum IL-2 and IL-12 levels was more significant.
Changes in miRNA expression. Two datasets were obtained from two biological replicates in the study or control groups. Differentially expressed miRNAs with a minimum of 1.5-fold change were reported. Twelve miRNAs were reproducibly found to be upregulated in two biological replicates (Fig. 2) .
Identification of target genes and functional enrichment.
A total of 308 validated target genes were identified using the miRWalk database. These genes were classified using the DAVID functional annotation clustering program with the high-stringency enrichment algorithm. As a result, we retrieved 15 annotation clusters with P≤0.05. These functional gene clusters are summarized in Table III . Notably, induction of apoptosis may contribute to the decrease in tumor growth and size.
Discussion
The antitumor effect of β-1,3-1,6-glucan has been documented in previous studies. The antitumor effects have been directly attributed to the activation of leukocytes. However, the incurred molecular and biochemical changes in tumor cells have not been fully elucidated. In this study, the antitumor efficacy of β-1,3-1,6-glucan derived from black yeast was assessed in subcutaneously-injected mice with mouse S180 sarcoma cells. Intragastric administration of β-1,3-1,6-glucan significantly decreased the growth rate of transplanted tumor cells and reduced tumor size during the 21-day treatment period. Mice administered β-1,3-1,6-glucan also demonstrated significantly higher levels of cytokines, such as IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IFN-γ, TNF-α, TNF-β and G-CSF, compared to the control mice. These findings demonstrate that β-1,3-1,6-glucan clearly triggers cytokine release in sarcoma xenograft-bearing mice. These findings are consistent with the data obtained from a previous study on a transplanted breast cancer model (23) . In addition, mice administered β-1,3-1,6-glucan also showed significant changes in the expression of several miRNAs in transplanted tumors. Previously, IL-6 was found to trigger the expression of miR-21 in myeloma cells (24) . IL-6 was also shown to modulate the miR-17/92 cluster in human pulmonary artery endothelial (HPAE) cells through the STAT3 transcription factor (25) . However, none of these miRNA species were found to be differentially expressed in the present study. Functional annotation clustering demonstrated that the target genes of these differentially expressed miRNAs are involved in the regulation of apoptosis and cell division. These findings indicate that β-1,3-1,6-glucan may exert its tumor-inhibition effects through the activation of the immune system and the modulation of miRNA expression in tumor cells.
Despite the limited number of studies available on β-glucans purified from certain plants having direct cytotoxic effects on cancer cells (16) , the majority of the studies have shown no direct cytotoxic effects of fungal β-glucans on common cancer cell lines including carcinoma, sarcoma, blastoma (1, 26) or lymphoma (27) . In the present study, we investigated the direct effects of β-1,3-1,6-glucan on the S180 sarcoma cell line in vitro and found no phenotypic changes in cell growth and apoptosis (data not shown). Thus, β-1,3-1,6-glucan inhibits the growth of transplanted tumors by direct activation of immunity and that alteration of miRNA expression is potentially induced by changes of cytokines indirectly. Previous studies have proven that the β-glucans exhibit their antitumor activity through stimulation of immune responses (26) . The findings of this study suggest that β-1,3-1,6-glucan, extracted from black yeast, inhibits transplanted sarcoma through activation of the immune system as well as the modulation of miRNA expression in tumor cells. To the best of our knowledge, this is the first study investigating the effects of β-1,3-1,6-glucan ingestion on miRNA expression in transplanted tumor cells. The precise mechanisms of β-1,3-1,6-glucan-induced changes of miRNA expression remain to be fully elucidated.
